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ABSTRACT
We report abundances of elements from 26Fe to 40Zr in the cosmic radiation measured by the Super-
TIGER (Trans-Iron Galactic Element Recorder) instrument during 55 days of exposure on a long-
duration balloon flight over Antarctica. These observations resolve elemental abundances in this
charge range with single-element resolution and good statistics. These results support a model of
cosmic-ray origin in which the source material consists of a mixture of 19+11−6 % material from massive
stars and ∼81% normal interstellar medium (ISM) material with solar system abundances. The re-
sults also show a preferential acceleration of refractory elements (found in interstellar dust grains) by
a factor of ∼4 over volatile elements (found in interstellar gas) ordered by atomic mass (A). Both the
refractory and volatile elements show a mass-dependent enhancement with similar slopes.
Keywords: cosmic rays — Galaxy: abundances — ISM: abundances — stars: winds, outflows—
supernovae
1. INTRODUCTION
The SuperTIGER (Trans-Iron Galactic Element
Recorder) instrument (Binns et al. 2014) was flown on
a NASA long-duration balloon flight over Antarctica for
55 days in the 2012-2013 austral summer at altitudes
from about 36.6 km to 39.6 km and a mean atmospheric
overburden of 4.4 g cm−2. The instrument measured the
elemental abundances of Galactic cosmic-ray (GCR) nu-
clei with 10 ≤ Z ≤ 40 above ∼700 GeV nucleon−1 (at
the top of the atmosphere).
In this paper we present analysis of measurements of
the elemental composition of “ultra-heavy” GCRs with
atomic number 26 ≤ Z ≤ 40. These measurements are
the first in which each element in the 30 ≤ Z ≤ 40 charge
range has been measured with single-element resolution
and good statistics.
In recent years, an explanation of GCR origins
has emerged based on measurements from the Cos-
mic Ray Isotope Spectrometer (CRIS) (Stone et al.
rmurphy@physics.wustl.edu
1998a) onboard the NASA Advanced Composition Ex-
plorer (ACE) satellite (Stone et al. 1998b) and from
the TIGER (Trans-Iron Galactic Element Recorder)
balloon-borne instrument (Link 2003; Rauch 2008;
Rauch et al. 2009).
In this explanation, the GCR source material is
thought to be a mixture of material from massive stars
(supernova ejecta and stellar wind outflow), primarily
within OB associations, and normal interstellar medium
(ISM) material with solar system (SS) composition.
These nuclei are then accelerated to cosmic-ray energies
by supernova shocks. The possibility of OB association
origin of GCR was first discussed by Reeves (1973) and
later developed by Hainebach et al. (1976), Casse´ & Paul
(1978), Cesarsky & Montmerle (1981), and others. The
previously measured composition of cosmic-ray isotopes
and elements has been shown to be consistent with GCR
origin in a source which is a mixture of ∼20% mate-
rial from massive star outflow and supernova ejecta, and
∼80% material with SS abundances (Higdon & Lingen-
felter 2003; Binns et al. 2005; Rauch et al. 2009; Binns et
al. 2013). For the remainder of this paper, the combined
massive star wind outflow and supernova ejecta will be
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2referred to as massive star material (MSM).
Observed GCR abundances show that elements that
are found in interstellar dust grains (refractory ele-
ments) are preferentially accelerated compared to those
that exist primarily as interstellar gases (volatile ele-
ments) (Meyer et al. 1997; Ellison et al. 1997; Meyer &
Ellison 1999). Elemental abundances measured by ACE
at energies of hundreds of MeV nucleon−1 (Binns et al.
2013), TIGER at GeV nucleon−1 energies (Rauch et al.
2009), and CREAM at TeV nucleon−1 energies (Ahn et
al. 2010) show that this enhancement is mass dependent
for both refractory and volatile elements, and that the
ordering of these elements with atomic mass A is greatly
improved by comparing GCR source abundances with a
mixture of normal ISM and MSM, rather than normal
ISM alone (we note that Ellison et al. (1997) explain this
mass-dependent trend only for the volatile elements).
In this paper, we demonstrate that the elemental
abundances are consistent with a GCR source that con-
sists of a best-fit mixture of 19+11−6 % MSM mixed with
∼81% material with SS abundance, and an acceleration
mechanism in which elements found in interstellar dust
grains are preferentially accelerated over those found in
interstellar gases.
Recent γ-ray observations of supernova remnants us-
ing the Fermi Large Area Telescope (LAT) (Acero
et al. 2016) and ground-based imaging atmospheric
Cherenkov telescope arrays such as HESS (Abramowski
et al. 2015), MAGIC (Aleksic et al. 2012), and VER-
ITAS (Humensky et al. 2015) have provided evidence
of particle acceleration to very high energies. More-
over, observation of the pi0 turn on feature indicates
that at least SNRs W44, IC443, and W51C are accel-
erating protons (Ackermann et al. 2013; Jogler & Funk
2016), and all of these are believed to be the remnants
of core-collapse supernovae. In addition, GeV and TeV
emission has been observed from acceleration within the
30 Dor C superbubble in the Large Magellanic Cloud
(Abramowski et al. 2015). Fermi has detected extended
emission coinciding with a “cocoon”-like morphology in
the Cygnus superbubble (Ackermann et al. 2011), ex-
tending ∼50 parsecs from the Cygnus OB2 association.
TeV emission from the Cygnus superbubble was also ob-
served by ARGO-YBJ (Bartoli et al. 2014). These γ-ray
observations lend further support to a model in which
OB associations are a significant source of GCRs.
2. INSTRUMENT DESCRIPTION
The SuperTIGER instrument (Binns et al. 2014; Mur-
phy 2015) consists of two nearly identical ∼1m × ∼2m
modules, each consisting of a suite of seven detectors.
Figure 1 shows a schematic side view of one module.
Three scintillator detectors measure the differential en-
ergy loss dEdx within the instrument, which is a function
Figure 1. Schematic side view of one SuperTIGER module.
of a particle’s charge (Z) and velocity; two Cherenkov
detectors, one with an aerogel radiator (C0), and one
with an acrylic radiator (C1), which give signals that
are different functions of Z and velocity for particles
above the Cherenkov threshold; and a scintillating fiber
hodoscope (consisting of two separate x,y planes) which
measures particle trajectory. For one SuperTIGER
module, the Cherenkov radiators in the aerogel (C0) de-
tector had an index of refraction n = 1.04, while the
other module had n = 1.04 aerogel in half of the module
and n = 1.025 aerogel in the other half. The active area
of each module measures approximately 1.16m×2.4m,
and the full geometry factor of both modules combined
is ∼8.3 m2 sr for particles whose trajectory zenith an-
gle is less than 70 degrees. After accounting for losses
due to nuclear interactions within the instrument, the
“effective” geometry factor is ∼3.9 m2 sr for 34Se.
3. DATA ANALYSIS
The charge (Z) of each cosmic-ray nucleus detected
in the instrument was determined by one of two com-
plementary techniques. At low energies (above the
C1 threshold of ∼350 MeV nucleon−1 but below the
C0 threshold of ∼2.5 GeV nucleon−1 or ∼3.3 GeV
nucleon−1, depending on the half-module the event went
through), the charge was determined using a combina-
tion of signals from the top two scintillator detectors (S1
and S2) and the acrylic (C1) Cherenkov detector. At
energies above the aerogel (C0) threshold, the charge
was determined with a combination of the C1 and C0
detector signals. This technique was also used to ana-
lyze TIGER data from the 1997, 2001, and 2003 TIGER
flights (Sposato 1999; Link 2003; Rauch et al. 2009).
For each scintillator and Cherenkov detector, the sig-
nal was taken as the sum of the signals from all its photo-
multipliers. This sum was corrected for photomultiplier
gain differences, temporal variations, and area nonuni-
formities using the ∼ 5×106 26Fe nuclei detected during
flight to map the detector response. The particle trajec-
tory from the scintillating fiber hodoscope was used to
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Figure 2. Acrylic Cherenkov (C1) signal vs Aerogel
Cherenkov (C0) signal cross plot for one day of data. Events
to the left of the line have energy below or very close to
the C0 threshold, and were analyzed using signals from the
scintillator detectors and acrylic Cherenkov detector.
determine the particle position for the mapping correc-
tion. The trajectory angle θ with respect to the nor-
mal to the detector surface was used to correct for the
sec(θ) dependence of signal on path length within the
detector. Particles that underwent a charge-changing
nuclear interaction within the instrument were identi-
fied and rejected by requiring agreement to within ap-
proximately one charge unit in the S1 scintillator, C1,
and C0 Cherenkov detectors for events above the C0
threshold, and in the S1 and S2 scintillator detectors,
and the C1 Cherenkov detector for events below the
C0 threshold. Figure 2 is a cross plot of C1 vs C0 in
which each point represents the signals from the two
Cherenkov detectors for a single cosmic-ray nucleus (in
this plot, only events and signals from the n = 1.04
aerogels are shown). For particles with energies above
the aerogel Cherenkov threshold, the combination of the
two Cherenkov signals gives a well resolved charge as-
signment for events to the right of the red line. The
points in Figure 2 to the left of the line with low C0
signals represent events with energies near or below the
aerogel Cherenkov threshold. Those events are analyzed
using the signals from the scintillators and the acrylic
Cherenkov detector.
Figure 3 is a similar cross plot of signals from the
top (S1) scintillator detector vs. the acrylic Cherenkov
(C1) detector. The events to the right of the red (right)
line have energies above the aerogel Cherenkov (C0)
threshold, and were analyzed using signals from the two
Cherenkov detectors as described previously. The events
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Figure 3. Scintillator signal vs signal in acrylic Cherenkov
detector cross plot for one day of data. Events to the right of
the right (red) line have energy above the C0 threshold and
were analyzed using the signal from the two Cherenkov de-
tectors. Events to the left of the blue (left) line have energies
near or below the C1 threshold and were discarded.
to the left of the left (blue) line are particles near or be-
low the acrylic Cherenkov (C1) threshold of ∼ 350 MeV
nucleon−1, and are not included in the analysis. The
events between the two lines were selected for analy-
sis. For these lower-energy events, signals from the top
two scintillator detectors (S1 and S2) and the acrylic
Cherenkov (C1) detector were used to assign charge.
The bottom (S3) scintillator detector was used to de-
fine a more restrictive data set for the development of
these analysis techniques, but was not used in the fi-
nal analysis. We fit curves of constant charge to each
charge contour on the cross plot, and used those to fit
an energy-independent form of the scintillator satura-
tion model of Voltz et al. (1966) using the formalism
given by Ahlen et al. (1980). The resulting charge his-
togram was then renormalized so that charge peaks cor-
responded to their integer charges.
A charge histogram is shown in Figure 4, which in-
cludes events analyzed with both techniques from the
SuperTIGER flight. The 1σ charge resolution at 26Fe is
0.18 charge units (c.u.). Figure 5 uses a coarser binning
of the data in the charge range 30 ≤ Z ≤ 40, show-
ing well defined, single-element peaks for every charge
in that range. This histogram was fit with a multi-
Gaussian function using a maximum likelihood method
that was used to derive the measured abundances shown
in column 3 of Table 1.
We have derived abundances at the top of the
atmosphere by correcting for the charge-dependent
4Table 1. Cosmic Ray Element Abundances Relative to 26Fe = 10
6
Observed in Instrument Top-of-Atmosphere
Z Element Raw N (Fe=106) Upper Error Lower Error (Fe=106) Upper Error Lower Error
28 Ni 237391 50362 103 103 52880 3390 2620
30 Zn 2623 556 11 11 619 44 35
31 Ga 239 50.8 3.3 3.3 54.0 5.7 5.2
32 Ge 354 75.1 4.0 4.0 86.8 8.2 6.9
33 As 65 13.7 1.9 1.7 13.9 2.8 2.4
34 Se 160 34.0 2.7 2.7 40.4 4.7 4.2
35 Br 49 10.3 1.7 1.5 10.8 2.4 2.1
36 Kr 91 19.4 2.2 2.0 24.1 3.7 3.1
37 Rb 31 6.5 1.4 1.2 6.83 2.1 1.7
38 Sr 105 22.3 2.2 2.2 29.8 3.9 3.6
39 Y 30 6.4 1.4 1.2 7.80 2.1 1.7
40 Zr 35 7.5 1.5 1.2 9.85 2.3 1.9
Column 3 lists the raw number of events observed in the SuperTIGER instrument; this corresponds to 4713661 26Fe events in
the same data set. Columns 4-6 show the abundances observed in the instrument and uncertainties relative to Fe=106. For
the instrument abundances, uncertainties are statistical only. Statistical uncertainties for elements with raw number of events
N > 100 in the detector are
√
N uncertainties; for elements with raw number of events N < 100 we used the ±1σ errors given
in Tables 1 and 2 of Gehrels (1986). These uncertainties have been renormalized with the abundances. Uncertainties in Top-of-
Atmosphere abundances are total uncertainties, including propagated statistical uncertainties and the systematic uncertainties
in interaction cross sections used for propagation calculations.
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Figure 4. Charge histogram showing SuperTIGER events
analyzed with both high- and low-energy techniques from
14Si to 30Zn with 0.025 cu binning. The resolution at 26Fe is
0.18 charge units.
probability of particles undergoing nuclear interactions
within the instrument and atmosphere, and the charge-
dependent energy losses in the atmosphere and instru-
ment. The correction for nuclear interactions within
the instrument accounts for those particles identified
and discarded during analysis. The atmospheric cor-
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Figure 5. Charge histogram showing SuperTIGER events
analyzed with both high- and low-energy techniques from
30Zn to 40Zr with 0.125 cu binning.
rection includes both the fraction of particles interact-
ing (∼36% for 34Se) and secondary production. This
was done using the same technique used for the TIGER
data analysis, described in detail by Rauch (2008), us-
ing the total and partial charge-changing cross sections
derived from accelerator data by Nilsen et al. (1995).
5Figure 6. Comparison of SuperTIGER Top-of-Atmosphere
relative elemental abundances with abundances in space from
ACE-CRIS (Binns et al. 2013), HEAO-3-C2 (Byrnak et
al. 1983), and Top-of-Atmosphere abundances from TIGER
(Rauch et al. 2009). Solar system elemental abundances
(Lodders 2003) are also shown (solid lines). For the Super-
TIGER points, combined statistical and systematic errors
are shown.
The derived Top-of-Atmosphere abundances are listed
in columns 7-9 of Table 1 and shown in Figure 6. That
figure also shows GCR abundances measured in space
by HEAO-3-C2 (Byrnak et al. 1983), ACE-CRIS (Binns
et al. 2013), and Top-of-Atmosphere abundances mea-
sured by TIGER (Rauch et al. 2009). Also shown are SS
elemental abundances (Lodders 2003). For the Super-
TIGER points, the combined statistical and systematic
error bars are shown in solid orange. The systematic
uncertainties for the SuperTIGER abundances were ob-
tained by adjusting the total and partial charge chang-
ing cross-sections up and down by the uncertainty in
those cross-sections (estimated by Nilsen et al. (1995)),
and then comparing the results of the propagation cal-
culation to the results obtained using unmodified cross
sections. These systematic uncertainties are small com-
pared to the statistical uncertainties. The ACE-CRIS
error bars are purely statistical, while the TIGER error
bars are calculated using Top-of-Instrument statistical
uncertainties propagated through the atmosphere, and
the HEAO-3-C2 error bars are statistical uncertainties,
reported in Byrnak et al. (1983).
The SuperTIGER data points generally agree with
previous experiments, but have significantly smaller er-
ror bars. Of particular note are 31Ga and 32Ge. TIGER
measurements indicated nearly equal abundances for
these two elements, which was not expected in view
of the high SS 32Ge/31Ga ratio (Rauch et al. 2009).
Figure 7. Comparison of SuperTIGER Top-of-Atmosphere
abundances and Galactic cosmic ray source (GCRS) abun-
dances.
While the SuperTIGER measurement of each of these
elements is not in statistical disagreement with those of
TIGER, SuperTIGER, with its much better statistics,
shows that the abundances of these two elements are
not equal; rather 32Ge/31Ga is approximately 1.5, with
a statistical difference in ratios of nearly 5σ.
4. DISCUSSION
Cosmic-ray source abundances were derived from the
SuperTIGER Top-of-Atmosphere abundances using a
leaky box propagation model (Wiedenbeck et al. 2007),
which uses total destruction cross sections (a modified
form of those from Webber et al. (1990)) and partial
cross sections from Silberberg et al. (1998). The in-
terstellar propagation results were used as input to a
spherically symmetric modulation model based on Fisk
(1971), with a modulation level φ = 543 MV and a typ-
ical Top-of-Atmosphere energy of ∼3.1 GeV nucleon−1,
to obtain modulated values for comparison with the
abundances observed at Earth. This φ was inferred
from spectra observed by ACE/CRIS during the Super-
TIGER flight, which were measured using the method
described in Wiedenbeck et al. (2005). The assumed
cosmic-ray source abundances were adjusted to yield
agreement with the data. The derived source abun-
dances are shown in columns 3-5 of Table 2. The uncer-
tainties reported in Table 2 are the propagated Top-of-
Atmosphere uncertainties. Figure 7 shows the Top-of-
Atmosphere abundances reported in Table 1 compared
to the calculated source abundances.
Figure 8 is a plot of the ratio of Galactic cosmic-ray
source (GCRS) elemental abundances to SS abundances
6Table 2. Calculated Galactic Cosmic Ray Source Abundances Relative to 26Fe=10
6
SuperTIGER Source Combined Source
Z Element (Fe=106) Upper Error Lower Error (Fe=106) Upper Error Lower Error
28 Ni 57600 3700 2860 57400 3330 2560
30 Zn 658 50 40 655 45 36
31 Ga 55.1 6.8 6.1 56.7 6.2 5.7
32 Ge 86.0 9.1 7.8 82.5 8.4 7.2
33 As 11.7 3.4 3.0 11.5 3.4 3.0
34 Se 31.2 5.2 4.6 36.8 5.2 4.7
35 Br 10.5 3.1 2.7 10.4 3.1 2.7
36 Kr 17.1 4.3 3.7 16.3 4.0 3.4
37 Rb 5.7 2.7 2.3 11.0 3.0 2.8
38 Sr 31.7 4.8 4.4 31.7 4.5 4.1
39 Y 10.3 2.9 2.4 10.2 2.9 2.4
40 Zr 13.0 3.1 2.6 12.9 3.1 2.6
Columns 3-5 show calculated SuperTIGER GCRS abundances and uncertainties. Columns 6-8 show the combined
SuperTIGER and TIGER (Rauch et al. 2009) GCRS abundances plotted in Figures 8 and 9.
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Figure 8. Ratio of GCRS abundances to SS abundances
(Lodders 2003) vs. atomic mass (A). Refractory elements
are shown as blue circles; volatile elements are shown as red
squares. Solid error bars show the uncertainty in the ratio
due to uncertainty in the GCRS measurement; dashed er-
ror bars show the total uncertainty in the GCRS/SS ratio,
including uncertainties in the SS abundances.
from Lodders (2003) as a function of atomic mass A.
For elements with Z < 26, the source abundances are
those derived by Engelmann et al. (1990) from HEAO-
3-C2 data. For 27Co and 29Cu, the abundances from
Rauch et al. (2009) were used. For all other elements
shown with Z > 26, each point represents the source
abundances calculated for SuperTIGER combined with
TIGER abundances from Rauch et al. (2009), weighted
by the statistics recorded with each experiment. The
refractory elements have equilibrium condensation tem-
peratures (Lodders 2003) greater than ∼1200 K and the
volatile elements have condensation temperatures lower
than ∼1200 K. As noted by Meyer et al. (1997) and
Ellison et al. (1997), among others, the GCRS/SS ra-
tio is generally higher for refractory elements than for
volatile elements, especially at low A. However, at high
A the two groups merge and there is significant scatter,
as noted by Rauch et al. (2009).
Figure 9 is a modification of Figure 8 where the GCRS
abundances are compared to a mixture by mass of 81%
material with SS composition (Lodders 2003) and 19%
MSM averaged over an initial mass function (calculated
by Woosley & Heger (2007)), instead of pure SS mate-
rial. This figure shows a significant improvement in the
organization of data compared with Figure 8, with a
clear separation of the refractory and volatile elements,
each with a similar mass dependence. The value of 19%
massive star material (MSM) was determined by com-
paring the GCRS abundances with source mixtures con-
sisting of SS material with MSM mixed in 1% increments
from 0 to 100%. For each source mixture, the refractory
and volatile elements were each fit with a simple curve of
the form y = C0A
C1 , and the combined χ2 value for the
mixture was calculated. The mixture with the minimum
total χ2 was selected as the best fit mixture, with ±1σ
uncertainty levels obtained by finding the mixtures with
a χ2 value of χ2min+1. The best-fit mixture was found
to be 19+11−6 % MSM by mass, with the rest being normal
interstellar medium (ISM) material with SS elemental
abundances. Figure 10 shows the total χ2 for refractory
elements, volatile elements, and the combined total χ2
as a function of the percentage of MSM in the source
mixture. The vertical dashed lines show the ±1σ range
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Figure 9. This figure is the same as Figure 8, except the
reference abundances to which GCRS abundances are com-
pared are a mixture of 19% MSM (Woosley & Heger 2007)
and 81% SS abundances (Lodders 2003). Solid error bars
show the uncertainty in the ratio due to uncertainty in the
GCRS measurement; dashed error bars show the total un-
certainty in the GCRS/source mixture ratio, including un-
certainty in the SS abundances.
1-σ range
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Figure 10. Total χ2 value of fits as a function of the fraction
of MSM from Woosley & Heger (2007) included in the model
source mixture. The minimum total χ2 for the combined
refractory and volatile elements is at 19% MSM by mass.
Dotted lines show ±1σ errors in the best-fit mixture.
in the percentage of MSM.
Figure 11 uses the same data and curves as Figure 9,
but with the addition of a 2He datum from Cummings
et al. (2016). This point was not included in the fit, but
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Figure 11. This figure shows the same data and curves as
Figure 9, but with the addition of a 2He datum from Cum-
mings et al. (2016). The Atomic Mass axis is shown with a
linear scale. 2He was not included in the fit, but still falls
very near to the best-fit line. Cummings et al. (2016) do not
report an uncertainty for 2He, so no error bars are shown
for that point. For all other points, solid error bars show
the uncertainty in the ratio due to uncertainty in the GCRS
measurement; dashed error bars show the total uncertainty
in the GCRS/source mixture ratio, including uncertainty in
the SS abundances.
the point still falls very near to the best-fit line.
We use SS abundances from Lodders (2003) instead
of the more recent Lodders, Palme, and Gail (2009)
because the massive star outflow and ejecta model of
Woosley & Heger (2007) used the Lodders (2003) rela-
tive abundances as the input to their yield calculations.
The more recent calculation of SN yields by Sukhbold et
al. (2016) also uses Lodders (2003). We use the Woosley
& Heger (2007) results here instead of Sukhbold et al.
(2016) because, as noted in their paper, the Sukhbold
et al. (2016) SN yields are “problematic” for elements
in the ultra-heavy charge range. We note that yields
have also been calculated by Chieffi & Limongi (2013).
Their yields for these UH elements differ from Woosley
& Heger (2007) and show strong dependence on the
choice of mass cut, which determines how much material
is ejected in the supernova explosion. A similar analysis
should be done using their calculated yields. However,
this is beyond the scope of the present paper.
This best fit had a reduced χ2 value of 1.26. The C1
parameter of the best fit is 0.583 ± 0.072 for refractory
elements and 0.632 ± 0.119 for volatile elements. Figure
12 shows the fit C1 values as a function of the percent
of MSM in the source mixture.
We interpret Figures 9 and 11 as strong evidence in
81-σ    range
Best Fit
Figure 12. Value of the slope C1 for refractory and volatile
elements as a function of the amount of MSM from Woosley
& Heger (2007) included in the model source mixture. For
each mixture, both the refractory and volatile elements were
fit with a curve of form y = C0A
C1 . Dashed line shows
the best-fit source mixture while dotted lines show the ±1σ
uncertainty on that fit.
support of the model of cosmic-ray origin in which the
source material is a mix of MSM with normal ISM, and
refractory elements are preferentially accelerated over
volatile elements. The contribution to the GCRS mix-
ture from MSM indicates that OB associations are a
significant source of GCR.
In addition, the recent detection of 60Fe in cosmic rays
(60Fe is a radioactive primary cosmic ray with half-life
2.6 MYr that is primarily synthesized in core-collapse
supernovae (Travaglio et al. 2004; Seitenzahl, I.R. et al.
2013; Sukhbold et al. 2016)) conclusively shows that re-
cently synthesized material (within the last few million
years) is accelerated to cosmic-ray energies (Binns et al.
2016). The most natural place for this to occur is in OB
associations.
These observations do not directly tell us where or how
the normal ISM is injected and accelerated into cosmic
rays. Type Ia supernovae often explode into normal ISM
and it is estimated that 15% of core-collapse supernovae
occur outside of superbubbles (Higdon & Lingenfelter
2003, 2005). γ-ray observations show that these su-
pernovae accelerate high-energy cosmic rays (Dermer &
Powale 2013; Wang et al. 2007). However, additional ac-
celerators are required since an unreasonably large frac-
tion of the supernova energy would be required to power
cosmic rays if these were the only source of normal ISM
acceleration. Since most supernovae are in OB associa-
tions, it appears that supernova shocks from stars in OB
associations must also be accelerating cosmic rays from
the normal ISM, perhaps from walls of superbubbles sur-
rounding OB associations and residual ISM within the
superbubble itself (Higdon & Lingenfelter 2003).
5. SUMMARY
We have presented new SuperTIGER measurements
of the elemental abundances of GCR from 26Fe to 40Zr.
Our results support a model of cosmic-ray origin in a
source mixture of 19+11−6 % MSM and ∼81% normal ISM
material with solar system abundances. This indicates
that a significant fraction of GCR acceleration occurs in
OB associations. We also find a preferential acceleration
of refractory elements over volatile elements by a factor
of between ∼4 and ∼4.5, ordered by atomic mass (A).
Both the refractory and volatile elements show a mass-
dependent enhancement with similar slopes.
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